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1.0 SUMMARY 
Degraded and undegraded s o l a r  cel ls  w e r e  su - j ec t ed  t o  X-ray d i f f r a c t i o n ,  
mass spectroscopy,  and i n t e r n a l  r e f l e c t a n c e  spectroscopy dur ing  t h e  f i r s t  
q u a r t e r  of work a t  Boeing on Contract  NASW-1859. Degradation has  been 
observed under c o n t r o l l e d  l abora to ry  condi t ions  i n  s o l a r  cells exposed 
t o  
0 
0 
0 
0 
0 
e l e c t r o l y t i c  s o l u t i o n s  and t o  h igh  humidity.  Important  f i nd ings  w e r e :  
P o t e n t i o s t a t i c  and r e s t - p o t e n t i a l  measurements confirmed t h a t  t h e  
degrada t ion  i s  electrochemical .  
R e s t  p o t e n t i a l  determines whether a s o l a r  c e l l  under e l e c t r o l y t e  
w i l l  o r  w i l l  no t  degrade i n  t h e  manner t h a t  i t  degrades i n  a humid 
atmosphere. 
Op t i ca l  and e l e c t r o n  photomicrographs show what appear t o  be g r a i n  
boundaries .  However, under h igher  r e s o l u t i o n  t h e s e  g r a i n  boundaries  
r e s o l v e  i n t o  g r a i n  p l a t eaus .  
Mass spectroscopy shows t h e  presence of several contaminants which 
are important  i n  o t h e r  co r ros ion  r e a c t i o n s ,  These inc lude  f l u o r i d e s ,  
copper,  and water. 
X-ray d i f f r a c t i o n  s t u d i e s  show t h e  e f f e c t  of s i n t e r i n g ,  i . e . ,  a 
p a r t i a l l y  c r y s t a l l i n e  s t r u c t u r e  on t h e  s i lver  s u r f a c e  and an  
u n i d e n t i f i e d  compound a t  t h e  s i l ve r - t i t an ium i n t e r f a c e .  
Two degrada t ion  mechanisms are being s t u d i e d  i n  d e t a i l .  
co r ros ion  t o  c a p i l l a r y  movement of mois ture  through t h e  s i l ve r  t o  react 
w i t h  t i t an ium.  
t o  a n  impervious boundary where 2H0 
One relates t h e  
The second p o s t u l a t e s  t h e  t r a n s p o r t  of atomic hydrogen 
H2 forms a b l i s t e r ,  
1 
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This document (8ef. 1) .d 
2.0 INTRODUCTION 
cribes work performed t Boeing during the 
first three months of NASA-Headquarters Contract USW-1859, "Investiga- 
tion into the Mechanism of Degradation of Solar Cells with Silver- 
Titanium Contacts ." 
The program.is directed by Arvin H. Smith, Office of Advanced Research 
and Technology, National Aeronautics and Space Administration, 
Washington, D.C. 
The contract duration is nine months. 
cells with silver-titanium contacts have degraded in time under normal 
atmospheric conditions. Degradation is manifested in two ways: (1) the 
appearance 0f small blisters, and (2) a decrease in the cell output as 
the voltage-current (V-I) curve under illumination flattens out. 
Many production silicon solar 
The objective of this contracted work is to determine the fundamental 
mechanism which causes solar cells with silver-titanium contacts to 
degrade when exposed to a humid atmosphere. The work plan includes 
these tasks: (1) conduct a theoretical analysis of the electrochemical 
and physical mechanisms of the degradation; (2) conduct experiments to 
verify the theoretical analysis; (3)  determine what steps in the manu- 
facture of solar cells could produce residual contaminants; and (4) 
survey work done by other organizations that have information applicable 
to the problem. 
2 
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3.0 TECHNI CAI. ACHIEVEMENTS 
Boeing work dur ing  the f i r s t  3-month per iod  of t h i s  s tudy  has  produced 
t w o  t h e o r e t i c a l  models f o r  humidity degrada t ion  of s o l a r  cells .  
b l i s te r - forming  hydrogen generated by r e a c t i o n  w i t h  contaminants a t  t h e  
silver s u r f a c e  mig ra t e s  through t h e  s i lver  lat t ice.  
migra tes  through pores  i n  t h e  silver t o  react w i t h  t i t an ium a t  t h e  
s i l v e r - t i t a n i u m  i n t e r f a c e .  Electrochemical ,  humidity,  and phys ica l  tests 
have been d i r e c t e d  toward v e r i f y i n g  the t h e o r e t i c a l  models. 
I n  one, 
I n  t h e  o t h e r ,  water 
The tests have produced e x c e l l e n t  q u a n t i t a t i v e  r e s u l t s  which, when incor-  
pora ted  i n t o  f u r t h e r  t h e o r e t i c a l  ana lyses ,  have produced clear d i r e c t i o n  
f o r  t h e  next  q u a r t e r ' s  a c t i v i t y .  
The fo l lowing  subsec t ions  d e s c r i b e  t h e  t h e o r e t i c a l  models, t h e  experi-  
mental  work, and the unanswered ques t ions .  
s t e p s  i n  t h e  manufacture of s o l a r  cells ,  
The work f o r  t h e  next  q u a r t e r  i s  descr ibed  i n  Sec t ion  6.0. 
I n  Sec t ion  4.0 are recorded 
Conclusions are i n  Sec t ion  5.0. 
3 . 1  THEORETICAL MODELS 
Corrosion i s  an  e lec t rochemica l  process  which needs a conduct ive solu-  
t i o n  i n  o rde r  t o  proceed. Two problems become evident :  
1) How does the conduct ive s o l u t i o n  form? 
2)  What are t h e  e lec t rochemica l  r e a c t i o n s  involved i n  
t h e  co r ros ion  process?  
Two t h e o t e t i c a l  models are being s t u d i e d  i n  d e t a i l  t o  exp la in  t h e  degra- 
d a t i o n  of s o l a r  c e l l  c o n t a c t s ,  Model I involves  r e a c t i o n s  w i t h  contami- 
nan t s  a t  t h e  s i l v e r  s u r f a c e  wi th  subsequent migra t ion  of t h e  r e a c t i o n  
products  through t h e  s i lver  l a y e r  t o  t h e  r eg ion  of t h e  s i l ve r - t i t an ium 
con tac t ,  r e s u l t i n g  i n  b l i s t e r i n g  and degradat ion.  Previous work by 
o t h e r s  i n d i c a t e s  t h a t  t h e  b l i s t e r i n g  o r i g i n a t e s  a t  t h e  s i l ve r - t i t an ium 
i n t e r f a c e  (Kef. 2 and 3 ) .  Model I1 assumes t h a t  water condenses i n  t h e  
pores  i n  t h e  s i lver  l a y e r  and t h a t  t h e  hydrogen-forming r e a c t i o n  t akes  
p l ace  a t  t h e  s i l ve r - t i t an ium i n t e r f a c e .  
MODEL I - Hydrogen DZffusion---Blistering of metals has  been encountered 
a t  Boeing wi th  7000-Series aluminum a l l o y s .  This  occurs  most f r equen t ly  
i n  t h e  win te r  when mois ture  is a problem. Hydrogen appears  t o  be t h e  
cause of b l i s t e r i n g ,  I f  t h e  p r o t e c t i v e  oxide  f i l m  of aluminum is  broken 
by mechanical deformation o r  by chemical r e a c t i o n  wi th  such agen t s  as 
s u l f u r ,  ammonia, o r  ch lo r ides ,  t h e  f r e s h  aluminum s u r f a c e  absorbs t h e  
atomic hydrogen l i b e r a t e d  from l o c a l  decomposition of water. When t h e  
d i f f u s i n g  hydrogen atoms arr ive a t  a d i s c o n t i n u i t y  such as a g r a i n  
boundary, t h e  hydrogen col . lects  and recombines as  molecular (diaromic) 
hydrogen. The hydrogen p res su re  b u i l d s  up u n t i l  b l i s t e r i n g  occurs .  
3 
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The aluminum cor ros ion  model sugges ts  a s o l a r - c e l l  con tac t  degrada t ion  
mechanism. Water r e a c t i n g  w i t h  contaminants on the s u r f a c e  of t h e  
s i lver  releases atomic hydrogen which subsequent ly  mig ra t e s  through t h e  
silver t o  t h e  s i l ve r - t i t an ium con tac t  where boundaries  cause t h e  hydrogen 
atoms t o  c o l l e c t  and combine i n t o  hydrogen gas,  forming b l i s t e r s .  
This  model, i f  v a l i d ,  would r e s o l v e  the ques t ion  of how the hydrogen 
can g e t  i n t o  t h e  volume where b l i s t e r i n g  starts,  y e t  no t  escape as  
p res su re  b u i l d s  up. 
Mode2 11 - Titaniwn Corrosion---Model 11 assumes t h a t  t h e  degrada t ion  i s  
caused by t h e  co r ros ion  of t i t an ium.  
p r o t e c t i v e  oxide  coa t ing  which e f f e c t i v e l y  s e p a r a t e s  t h e  pure  metal 
from t h e  o u t s i d e  environment. However, i f  t h i s  coa t ing  is  n o t  p re sen t  
o r  i s  broken t h e  t i t an ium w i l l  cor rode  r a t h e r  qu ick ly .  This  model 
p o s t u l a t e s  that c a p i l l a r y  condensat ion i n  t h e  s i l ve r - t i t an ium interface 
provides  the conduct ive s o l u t i o n  needed f o r  co r ros ion .  The s i z e  of the 
c a p i l l a r i e s  needed t o  condense water a t  va r ious  humidi t ies  can be  calcu-  
l a t e d  using t h e  Kelvin equat ion:  (Ref. 4 )  
Titanium metal normally forms a 
RT I n  P/Po = 2yV/r 
where : 
7 R = gas cons t an t  = 8.314 x 10 
T = a b s o l u t e  temperature ,  OK (298O f o r  room temperature)  
erg/deg mole 
P = vapor p re s su re  of water i n  pore,  mm Hg 
Po = vapor p re s su re  of water on f l a t  su r f ace ,  mm Hg 
(P/Po = r e l a t i v e  humidity a t  which condensat ion w i l l  occur i n  a 
pore  of r a d i u s  r )  
y = s u r f a c e  t ens ion ,  dyne/cm = 72.0 f o r  water 
V = molar volume, cm’/mole (18.0 f o r  H,O) 
r = pore  r a d i u s ,  c m  
This  equat ion  shows t h a t  a t  50 percent  r e l a t i v e  humidity a pore-s ize  of 
30A w i l l  r e s u l t  i n  c a p i l l a r y  condensation. The n a t u r e  of the equat ion  
is  such t h a t  a h igher  humidity va lue  w i l l  produce condensat ion i n  smaller 
pores ,  and a t  lower relative humidi t ies  on ly  l a r g e r  pore  diameters  can 
act  as condensat ion wells. 
a n t i c i p a t e d ,  c a p i l l a r y  condensat ion would w e l l  be  expected ovar  a range 
of humidity va lues .  
0 
Since a d i s t r i b u t i o n  of pore  s izes  can b e  
4 
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Recent experiments have produced e l e c t r o n  micrographs showing a gra in-  
l i k e  s t r u c t u r e  i n  the evaporated s i lver  (Ref, 5).  The same experiments 
showed t h a t  t h e  g r a i n  s i z e  i s  i n v e r s e l y  r e l a t e d  t o  the r e s i s t a n c e  t o  
degrada t ion  a t  h igh  humid i t i e s ,  i .e . ,  smaller g r a i n  s i z e  g iv ing  b e t t e r  
degrada t ion  r e s i s t a n c e .  
a porous s i lver  l a y e r  t o  t h e  t i t an ium s u r f a c e  (Ref .  3 ) .  The exac t  
mechanism of t r a n s p o r t  is no t  y e t  known (Ref. 6 ) .  
Other experiments i n d i c a t e  t r a n s p o r t  through 
3.2 CONSTANT POTENTIAL TESTS 
Our f i r s t  l abo ra to ry  work has been i n  producing c o n t r o l l e d  degrada t ion  
of t h e  s o l a r  c e l l  c o n t a c t s  and determining t h e  r e a c t i o n  mechanisms 
r e spons ib l e  f o r  t h e  degradat ion.  
environments and t h e i r  behavior  was cha rac t e r i zed .  Severa l  types  of 
chemical and phys ica l  tests were performed. 
So la r  cel ls  were exposed t o  v a r i o u s  
The s i l i c o n  s o l a r  cells  used i n  t h e s e  tests were Hel io tek  N-on-P type  
w i t h  a r e s i s t i v i t y  o f  1 t o  3 il cm. They w e r e  2 by 2 cm s i z e  and 8 m i l s  
t h i ck .  
Although s o l a r  ce l l s  do degrade i n  humid a i r ,  the n a t u r a l  p rocess  is 
t o o  s l o w  f o r  p r a c t i c a l  t e s t i n g .  We hoped t o  accelerate degrada t ion  by 
exposing t h e  s o l a r  ce l l s  t o  s p e c i f i c  chemical s o l u t i o n s  and p o t e n t i a l s  
under r ep roduc ib le  c o n t r o l l e d  cond i t ions ,  
The e lec t rochemica l  co r ros ion  of t i t an ium may be a cause  of con tac t  
degradat ion.  P o s s i b l e  r e a c t i o n s  are: 
+ 
T i  + 2H20 -+ T i 0  
o r  T i  -+ Tic3 4- 3e- ( i n  a c i d  s o l u t i o n )  
+ 4H + 4e- (ne t i t r a l  s o l u t i o n s )  2 Anode : 
-4 Cathode: 2H 4- 2e- -3. H2 
The presence of H i n  b l i s t e r s  (Ref. 5) i s  c o n s i s t e n t  w i t h  t h e  above 
cathode r e a c t i o n .  2 
Contaminating ions  can accelerate t h e  process  by breaking the oxide  
coa t ing  on t h e  t i t an ium o r  by chemical ly  e n t e r i n g  the r e a c t i o n  (e.g. ,  
T i  forms a s t a b l e  complex w i t h  F- a t  low pH v a l u e s ) .  
mine t h e  r e a c t i o n  mechanism by t e s r i n g  cells  i n  va r ious  chemical 
s o l u t i o n s  a t  d i f f e r e n t  pH va lues .  
dynamically s t a b l e  depending on t h e  pH of t h e  s o l u t i o n .  
(Ref. 7 )  show t h e  p o t e n t i a l  -pH diagrams f o r  t h e  s i lver -water  and 
t i tanium-water systems a t  25OC, and i n d i c a t e  reg ions  where v a r i o u s  
s p e c i e s  e x h i b i t  s t a b l e  c h a r a c t e r i s t i c s .  Lines  a and b r e f e r  t o  t h e  
boundaries  f o r  H2 and 02 r educ t ion .  
i s  thermodynamically impossible .  Above b ,  t h e  r e a c t i o n  4& + 0, + 4e- 
+ 2H20 i s  impossible .  
i n t e r e s t  i s  bounded apprcximately by p o t e n t i a l s  of f0.2 v o l t s  and -1.2 
v o l t s  a t  a pH of -1, and -0.8 v o l t s  and -2.2 v o l t s  a t  a pH of 14. 
We hope t o  de t e r -  
Various chemical spec ie s  are thermo- 
F igures  1 and 2 
Above a ,  t h e  r e a c t i o n  2Kt' + 2e- -f H2 
For t h e  t i tanium-water system the reg ion  of 
5 
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Figure 1: pH VERSUS POTENTIAL FOR SILVER-WATER SYSTEM AT 25' C 
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Figure 2: pH VERSUS POTENTIAL FOR TITANIUM-WATER SYSTEM AT 25' C 
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So lu t ions  of one normal HC1, H2S0 , N a C l ,  NaOH, and Na2S0 
d i f f e r e n t  i o n i c  spec ie s .  
Beckman pH meter (model G) are: 
were chosen 
t o  provide  e l e c t r o l y t e s  with a w i  3 e range  of pH v a l u e s  a n  2. several 
The pH of the s o l u t i o n s  as measured w i t h  a 
So lu t ion  pH 
H C l  0.0 
H2s04 0.25 
N a C l  7 . 2 3  
NaOH 12.02 
H20 (boi led  + 7.00 
de ionized)  
We had t o  apply  p o t e n t i a l s  t o  t h e  e l e c t r o d e s  i n  o rde r  t o  s tudy  t h e  sys- 
t e m s  as a f u n c t i o n  of p o t e n t i a l  and t o  l e a r n  about  t h e  r e a c t i o n  mecha- 
nisms i n  terms of p o l a r i z a t i o n  o r  o v e r p o t e n t i a l  of t h e  e l ec t rodes .  The 
s o l a r  ce l l ,  a c t i n g  as t h e  c o n t r o l  e l e c t r o d e ,  was placed i n  a Teflon c e l l  
f i l l e d  wi th  t h e  a p p r o p r i a t e  s o l u t i o n  (Figures  3 and 4 ) .  A plat inum wire 
served as t h e  counter  e l e c t r o d e  and a s a t u r a t e d  calomel r e fe rence  
e l e c t r o d e  (SCE) (Figure 5) was used. A Magna P o t e n t i o s t a t  (Model 4700M) 
w a s  used t o  measure t h e  c u r r e n t  as a func t ion  of app l i ed  p o t e n t i a l .  
P o t e n t i a l  v a r i e d  as a sawtooth func t ion  of time app l i ed  t o  t h e  cel ls  
produced t h e  p o l a r i z a t i o n  curve f o r  I N  HC1 shown i n  F igure  6, 
l abe led  "A" corresponds t o  ca thod ic  behavior  of t h e  ce l l  where t h e  
r e a c t i o n  i s  2H+ + 2e' -f H2. 
s i lver  o x i d i z e s  t o  g ive  s i l v e r  c h l o r i d e  by t h e  r e a c t i o n - A g  + C1- + 
AgCl + e'. 
i n  reg ion  "B" (AgC1 + e' -f Ag + Cl-). 
expected t o  vary  as func t ions  of t h e  p a s t  h i s t o r y  of t h e  c e l l .  The polar -  
i z a t i o n  curves i n d i c a t e  t h e  i r r e v e r s i b i l i t y  of an  e l e c t r o d e  process .  
A r e fe rence  vol tage-current  (V-I) curve  was recorded f o r  each ce l l  
be fo re  any e lec t rochemica l  tests were performed w i t h  t h e  cel l .  
shows a t y p i c a l  V - I  curve f o r  a n  undegraded s o l a r  c e l l  taken wh i l e  t h e  
ce l l  was i l l umina ted  wi th  s imulated space  s u n l i g h t  from an. Xenon lamp. 
The p o t e n t i o s t a t i c  tests were cont inued and V-I curves  were p e r i o d i c a l l y  
obta ined  u n t i l  degrada t ion  occurred.  Solar  cells  i n  I N  H C 1  s o l u t i o n s  a t  
p o t e n t i a l s  of 0.OV and -0.3V wi th  r e s p e c t  t o  a SCE re fe rence  e l e c t r o d e  
degraded i n  51 hours  and 84 hours r e s p e c t i v e l y ,  i n d i c a t i n g  t h a t  environ- 
ment accelerates degradat ion.  It is s i g n i f i c a n t  t h a t  applying a poten- 
t i a l  between t h e  e l e c t r o l y t e  and the s i l v e r - t i t a n i u m  con tac t  of the 
solar ce l l  produces degrada t ion  a t  room temperature.  
show how e lec t rochemica l  condi t ions  a f f e c t  degradat ion.  
shows severe degrada t ion  occurr ing  a f t e r  51 hours  a t  a p o t e n t i a l  of 
0.0 v o l t s  i n  one-normal HC1. Somewhat less degrada t ion  occurred when 
The area 
In area "B" t h e  c e l l  becomes anodic  and 
Region "C" corresponds t o  t h e  r educ t ion  of t h e s p e c i e s  oxid ized  
The shapes of reg ions  "B" and "C" are 
Figure  7 
The V-I  curves  
F igure  8 
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Specimen : C e l l  No. 115 
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Figure 7: TYPICAL UNDEGRADED PERFORMANCE OF A SOLAR CELL 
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F i g u r e  8: PERFORMANCE DEGRADATION FROM HCI. AT 0.0 VOLTS 
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t h e  p o t e n t i a l  was maintained a t  -0.3 v o l t s  (Figure 9 ) .  
t h e  b l i s t e r e d  ce l l  is  shown i n  F igu re  10. C e l l  power as a f u n c t i o n  of 
t i m e  w a s  determined from t h e  V-I curves  (Figure 1 1 ) .  
i n  power i n d i c a t e s  that degrada t ion  i s  a cont inuing  process .  
A photograph of 
The s t eady  decrease  
The p o l a r i z a t i o n  curve of a degraded c e l l  (Figure 1 2 )  has  a shape similar 
t o  t h e  curve obta ined  be fo re  degrada t ion  took p l a c e ,  b u t  t h e  p o t e n t i a l  
a t  which t h e  ce l l  becomes ca thodic  has  dropped from -0.4 v o l t s  t o  -0.25 
v o l t s .  This  imp l i e s  a change i n  hydrogen o v e r p o t e n t i a l .  
The rest p o t e n t i a l  of t h e  s o l a r  cell-HC1 couple  i s  negat ive ,  approxi- 
mately -0.1 v o l t s  f o r  most test cells .  . T h i s  i n d i c a t e s ,  t h a t  under anodic  
cond i t ions ,  degrada t ion  is more r a p i d  than  under ca thodic  cond i t ions .  
I f  t i t an ium cor ros ion  is re spons ib l e  f o r  t h e  degrada t ion ,  t h i s  r e s u l t  is 
con t ra ry  t o  what would b e  expected. 
expected t o  p a s s i v a t e  t i t an ium and i n h i b i t  cor ros ion .  More experimenta- 
t i o n  i s  necessary  t o  r e s o l v e  t h i s  problem. 
planned f o r  t h e  s o l u t i o n s  mentioned previous ly  and o t h e r s  as t h e  need 
arises. 
A more p o s i t i v e  p o t e n t i a l  is  
S imi l a r  tests are be ing  
3 . 3  REST POTENTIALS 
Rest p o t e n t i a l  is t h e  open c i r c u i t  equ i l ib r ium p o t e n t i a l  which a n  
e lec t rochemica l  c e l l  e x h i b i t s  when i t s  e l e c t r o d e s  are i n  con tac t  w i t h  
t h e  e l e c t r o l y t e .  Rest p o t e n t i a l  ve r sus  t i m e  measurements, i n  a d d i t i o n  
t o  p o t e n t i o s t a t i c  measurements, are be ing  used t o  c h a r a c t e r i z e  t h e  
co r ros ion  i n  t h e  s o l a r - c e l l  c o n t a c t s .  The in s t rumen ta t ion  r equ i r ed  i s  
no t  e l a b o r a t e  and several c e l l s  can b e  t e s t e d  a t  t h e  same time. Rest 
p o t e n t i a l s  a re  measured wi th  a h igh  impedance vol tmeter  (KEITHLEY, 
Model 200B) a g a i n s t  a SCE r e f e r e n c e  e l e c t r o d e  (Figure 13). 
The e l e c t r o l y t e s  used were 1-normal s o l u t i o n s  of H C l ,  NaOH, Na2SO4, 
N a C 1 ,  NH4F and H2SO4. Deionized and b o i l e d  water was used as a c o n t r o l .  
F igure  1 4  shows rest p o t e n t i a l s  as a func t ion  of t i m e .  These d a t a ,  when 
considered w i t h  o t h e r  s o l a r - c e l l  power degrada t ion  measurements, show 
t h a t  t h e  nega t ive  rest p o t e n t i a l s  w i t h  r e s p e c t  t o  t h e  SCE are as soc ia t ed  
wi th  r ap id  degrada t ion  a t  room temperature  and b l i s t e r i n g .  
i n t e r e s t  are t h e  curves  f o r  t h e  h a l i d e s ,  because mass spec t rographic  
ana lyses  have shown a s u r p r i s i n g  amount of f l u o r i d e s  p r e s e n t  on t h e  
s o l a r  ce l l  s u r f a c e  (See Sec t ion  3.5, Phys ica l  Measurements). The f luo-  
r i d e s  seem t o  be  a r e s i d u e  of t h e  e t ch ing  and c l ean ing  processes  used 
i n  t h e  manufacture of t h e  s o l a r  cells .  
Of p a r t i c u l a r  
The rest p o t e n t i a l  of a pure  silver e l e c t r o d e  i n  the 1-normal s o l u t i o n s  
w a s  measured f o r  comparison purposes.  The va lues  were: 
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Figure 9: PERFORMANCE DEGRADATION FROM HC1 AT -0.3 VOLTS 
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Figure 10: SOLAR CELL AFTER 84 HOURS IN H C 1  AT -0.3 VOLTS 
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Specimen : Cell No. 83 
Electrolyte: HC1 
Solution : 1 Normal 
Elapsed Time: 84.5 Hours 4 
3 
Voltage Scan 
PO tential* (millivolt s-1 - 
*With Reference to _ _ _ _  
Saturated Calomel Electrode 
Figure 12: HC1 POLARIZATION CURVE AFTER 84 HOURS AT -0.3 VOLTS 
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Figure 13: REST POTENTIAL TEST SETUP 
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So lu t ion  Probable  React ion !4 E s o l a r  c e l l  
1 N  H C 1  Ag + C1- +- AgCl + e- +o * 02v -0.06V 
ZN H2S04 2Ag + SO; -f Ag2S04 + 2e- 40 1v +O .23V 
1 N  NaOH 2Ag + 20H- +- Ag20 + H20 + 2e- -0.1v -0.21v 
The H C 1  and NaOH s o l u t i o n s ,  which r e s u l t  i n  similar degrada t ion ,  produce 
i n  s o l a r  cel ls  rest p o t e n t i a l s  which are lower than  those  f o r  pure  sil- 
ver. This  sugges ts  a mixed p o t e n t i a l  r e s u l t i n g  from a n  i n t e r a c t i o n  wi th  
a subs tance ,  perhaps t i t an ium,  having a more nega t ive  rest p o t e n t i a l .  
SO;, which does n o t  promote degrada t ion ,  gene ra t e s  i n  s o l a r  ce l l s  a 
h ighe r  rest p o t e n t i a l  t han  it gene ra t e s  i n  si lver.  
measurements may provide  a u s e f u l  i n d i c a t o r  of c o n t a c t  s t a b i l i t y .  
R e s t  p o t e n t i a l  
3 . 4  EFFECT OF HALOGENS 
Chlor ide  and o t h e r  halogens i o n s  are a p o s s i b l e  cause of t i t an ium corro- 
s ion .  Chlor ide  ions  break down p a s s i v i t y  i n  metals such as (Fe and C r )  
by pene t r a t ing  oxide l a y e r s  (Ref. 8) .  The reaction i s  l o c a l  r a t h e r  
than  over  t h e  e n t i r e  su r face ,  and p r e f e r r e d  si tes are determined by 
v a r i a t i o n s  i n  t h e  oxide  f i lm .  The hypothes is  t h a t  halogens promote 
degrada t ion  was t e s t e d  by s t o r i n g  s o l a r  cel ls  i n  a n  atmosphere of water 
and H C 1 ,  The s o l a r  cells  were above t h e  water i n  a covered con ta ine r  
having a relative humidity of 100 pe rcen t  i n  a 90°C oven. Af t e r  75 
hours t h e  c e l l  exh ib i t ed  b l i s t e r s  and t h e  V - I  curves  i n d i c a t e d  t h a t  
degrada t ion  had occurred.  
and after s to rage .  
F igure  16. 
F igure  15 shows t y p i c a l  V - I  curves  be fo re  
A photograph of  t h e  degraded ce l l  i s  shown i n  
Blisters similar t o  those  obta ined  i n  t h e  water humidity test became 
prominent a f t e r  6.5 hours of exposure when a s o l a r  c e l l  was suspended 
over a concent ra ted  12-normal s o l u t i o n  of HC1 a t  room temperature.  
Shown i n  F igure  1 7  are V - I  curves  taken  be fo re  exposure and a f t e r  68 
hours of exposure t o  t h i s  H C 1  atmosphere. 
(Figure 19). 
found similar r e s u l t s  w i t h  similar tests (Ref. 9 ) .  
The degrada t ion  was severe 
The corresponding power curve  i s  shown i n  F igure  18. 3M 
The e x t e n t  and type  of degrada t ion  is  appa ren t ly  t h e  same as occurs  i n  
a n  environment of 100 pe rcen t  relative humidity a t  '90%. The degrada- 
t i o n  rates can be  r e l a t e d  us ing  an equat ion  der ived  from Arrenhius '  re- 
a c t i o n  rate theory: 
(See Page 28.) 
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Figure 15: PERFORMANCE DEGRADATION FROM A HUMID ATMOSPHERE 
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F i g u r e  16: SOLAR CELL AFTER 75 HOURS IN H U M I D  ATMOSPHERE 
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Figure 17: PERFORMANCE DEGRADATION FROM CORROSIVE H C 1  ATMOSPHERE 
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Figure 19: SOLAR CELL AFTER 68 HOURS I N  H C 1  ATMOSPHERE 
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where R i s  the r e a c t i o n  rate 
T is the temperature ,  OC 
k is  a cons t an t  = 10°C, approximately,  f o r  many 
Subsc r ip t s  1 and 2 r e f e r  to  t h e  two temperature  
r e a c t i o n s  
environments. 
B l i s t e r i n g  and degrada t ion  i n  100 pe rcen t  re la t ive humidity and 90OC 
occur  i n  60 t o  80 hours  wi th  t h e  cells  t e s t e d .  A t  room temperature  t h e  
above equat ion  p r e d i c t s  t h a t  corresponding degrada t ion  w i l l  occur  a t  
64 X 60 = 3,840 hours  o r  160 days. 
It thus  appears  t h a t  HC1 i n  t h e  environment a t  room temperature  acceler- 
ates degrada t ion  by a f a c t o r  of 600. 
r e a c t i o n s  do not  fo l low t h e  premise t h a t  t h e  r e a c t i o n  rate inc reases  a 
f a c t o r  of two f o r  a 10' rise i n  temperature .  Therefore ,  t h e  f a c t o r  of 
600 r e q u i r e s  f u r t h e r  confirmation.  
However, many e lec t rochemica l  
The presence of C l - s e e m s  t o  a c t  as a c a t a l y s t  i n  t h e  degrada t ion  process  
i n  s o l a r  cells .  
cells sub jec t ed  t o  HF and HC1 (Ref. 9 ) .  S imi la r  tests wi th  H2S04 showed 
no b l i s t e r i n g .  
H2SO4 is  very  low compared t o  t h a t  of halogen a c i d s .  
has only  a 1 mm vapor p re s su re  so  t h e  environment about  H2S04 would be  
q u i t e  d i f f e r e n t  from t h a t  about  HF. 
3M r e p o r t s  severe degrada t ion  and b l i s t e r i n g  i n  s o l a r  
It should be  poin ted  out  t h a t  t h e  vapor p re s su re  of 
A t  1 4 6 O C ,  H2SO4 
A s o l a r  c e l l  a t  Boeing i n  a humid atmosphere wi th  concent ra ted  n i t r i c  
a c i d  p re sen t  showed no obvious b l i s t e r i n g  a f t e r  110 hours .  A V-I curve 
ind ica t ed  degrada t ion  had occurred.  However, loss of s i lver  due t o  t h e  
formation of AgNO3 changes t h e  r e s i s t a n c e  of t h e  c e l l  and could account 
f o r  t h e  observed curve.  
3.5 PHYSICAL TESTS 
Charac te r i za t ion  of t h e  s o l a r  c e l l  s u r f a c e  i s  a key t o  t h e  understanding 
of t h e  mechanism of t h e  degrada t ion .  One model of t h e  co r ros ion  
mechanism depends on water movement through t h e  silver t o  react w i t h  
t i t an ium,  b u t  f a i l s  t o  e x p l a i n  how t h e  h igh ly  mobile hydrogen gas  i s  
r e t a i n e d .  
l og raph ic  work is how t h e  hydrogen i s  t rapped t o  form b l i s t e r s .  Degraded 
s o l a r  cells  were examined by o p t i c a l ,  mass spec t roscop ic ,  X-ray d i f f r a c -  
t i o n ,  and i n t e r n a l  r e f l e c t i o n  spec t roscop ic  ins t ruments .  
3.5.1 Op t i ca l  and E lec t ron  Micrographs 
One important  ques t ion  which may be  answered wi th  t h e  metal- 
Op t i ca l  micrographs were taken with a L e i t z  5mm metal lograph having a 
400-watt Xenon l i g h t  source.  
a JEM 7 (Jeo lco)  microscope us ing  80  kv. The specimens f o r  e l e c t r o n  
microscopy w e r e  prepared by a two-stage technique using acetate t a p e  
(Fax f i l m )  f o r  r e p l i c a t i n g ,  and us ing  germanium and carbon f o r  shadowing. 
The e l e c t r o n  micrographs were taken wi th  
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Blisters on s o l a r  cells are b i g  enough t o  b e  e a s i l y  seen. 
shows t h e  appearance of t h e  b l i s t e r e d  s u r f a c e  and w h a t  appears  t o  be a 
l a r g e  g r a i n  s i z e .  Examination a t  a h ighe r  magni f ica t ion  shows a a e r i e s  
of p l a t eaus  wi th  no t r u e  g r a i n  boundary (Figures  21  and 22).  F igu re  22 
i n  p a r t i c u l a r  shows a continuous s u r f a c e  p a t t e r n  through a r i d g e  that  
resembles a g r a i n  boundary a t  low magni f ica t ion .  Blisters appear t o  b e  
loca ted  a t  t h e s e  p l a t e a u  boundaries .  
F igu re  20 
The f ine -g ra in  s t r u c t u r e  observed o p t i c a l l y  is confirmed by e l e c t r o n  
microscopy. The boundaries  appear t o  con ta in  a p r e c i p i t a t e ,  and small 
pores  are p reva len t  w i t h i n  t h e  g r a i n  (Figures  23 through 25). A Texas 
Instruments '  r e p o r t  i n t e r p r e t s  va r ious  g r a i n  boundary s u r f a c e  f e a t u r e s  
as cracks  (Ref. 5) .  The e l e c t r o n  micrographs of s u r f a c e  f e a t u r e s ,  as 
reproduced i n  t h a t  r e p o r t ,  do no t  show enough d e t a i l  t o  a f f i r m  t h e  
presence of c racks .  Metal lographic  p r o f i l e s  w i l l  be  a t tempted t o  de t e r -  
mine whether t r u e  g r a i n s  e x i s t  as o u t l i n e d  on t h e  s u r f a c e ,  and whether 
c racks  e x i s t  a long  t h e  g r a i n  boundaries .  
i n  diameter  and t h e  pores  are on t h e  o rde r  of 300 angstroms (1). 
pores  appear  t o  b e  thermal e t c h  p i t s  from s i n t e r i n g .  
The "grains"  are 4 t o  9 microns 
The 
3.5.2 Analysis  by Mass Spectroscopy 
We analyzed t h e  c o n s t i t u e n t s  of b l i s t e r e d  and nonb l i s t e red  s o l a r  c e l l  
con tac t s  us ing  a spark-source mass spec t rograph ,  CEC Model 21-llOB. 
The r e s u l t s  are below: 
CONSTITUENTS OF BLISTERED CONTACT 
Major Minor Lesser Trace Sub trace 
10,000 ppm 500-10,000 ppm 10-500 ppm 1-10 ppm 1 PPm 
Ag 
S i  
T i  F 13 S 
Si0  HO P NH3 
S i 0 2  H20 Ti0 NH4 
cu 
0 
H 
C 
c1 
Pb 
B i  
W 
Z r  
C F  
CF2 
O f  most i n t e r e s t  is  t h e  presence of 10  t o  500 p a r t s  pe r  m i l l i o n  (ppm) F-. 
This  impur i ty  must be  from t h e  e t ch ing  and c l ean ing  of t h e  s o l a r  c e l l  by 
HF. Presence of F- may be  cr i t ical  t o  t h e  co r ros ion  process .  
The presence of copper is  expected. 
Copper i n  t h e  silver reduces s i lver  r e s i s t a n c e  t o  ox ida t ion  and may 
a f f e c t  cor ros ion .  
used f o r  masking. 
pores  and e t c h  p i t s  of t h e  silver and i n d i c a t e  the presence of t h e  con- 
duc t ive  s o l u t i o n  needed f o r  cor ros ion .  
It is a n  impur i ty  i n  t h e  si lver,  
The carbon may b e  from t h e  s i l i c o n e s  which had been 
H20 and OH- are a t t r i b u t e d  t o  mois ture  he ld  i n  t h e  
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Figure 20: BLISTERED AREA, 4X MAGNIFICATION 
Figure 21: BLISTERED AREA, 200X MAGNIFICATION 
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F i g u r e  2 2 :  CELL SURFACE, 500X MAGNIFICATION 
F i g u r e  23: ELECTRON MICROGRAPH (8000X) 
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Figure 24: ELECTRON MICROGRAPH (8000X) OF SOLAR CELL SURFACE 
Figure 25: ELECTRON MICROGRAPH (31000X) OF SOLAR CELL SURFACE 
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Another i n t e r e s t i n g  r e s u l t  is t h e  presence of H2 i n  l a r g e r  concent ra t ions  
i n  b l i s t e r e d  areas compared t o  nonb l i s t e red  areas. This  is c o n s i s t e n t  
wi th  t h e  mechanism of H2 be ing  formed as a product  of t h e  co r ros ion  process .  
3.5.3 Analysis  of X-ray D i f f r a c t i o n  
X-ray d i f f r a c t i o n  shows t h e  effect of t h e  s i n t e r i n g  process  on t h e  sur-  _- 
f a c e  of t h e  s i lver .  
s i g n i f i c a n t  contaminants which promote co r ros ion .  However, the s u r f a c e  
of t h e  s i lver  i s  a l t e r n a t e d  by s i n t e r i n g .  
is  important  i n  t h e  t r a n s p o r t  of mois ture  o r  contaminants through t h e  
s i lver .  
s i l v e r .  
s i lver s t r u c t u r e .  Etching away the s i lver  l a y e r  with n i t r i c  a c i d  
reveals a c r y s t a l l i z e d  l a y e r  of t i t an ium.  However, a s s o c i a t e d  w i t h  the  
t i t an ium-s i l i con  i n t e r f a c e  i s  another  l a y e r  which could no t  be  i d e n t i f i e d  
wi th  d i f f r a c t i o n  techniques.  
used t o  s tudy  t h i s  l a y e r .  
We see no i n d i c a t i o n  that s i n t e r i n g  in t roduces  
We do n o t  know whether t h i s  
S i n t e r i n g  causes  p a r t i a l  c r y s t a l l i z a t i o n  on the s u r f a c e  of the 
Scraping away t h e  upper surfac’e leaves a p r e f e r e n t i a l l y  o r i e n t e d  
I n t e r n a l  r e f l e c t i o n  spectroscopy w i l l  be  
3.5.4 I n t e r n a l  Re f l ec t ion  Spectroscopy 
I n t e r n a l  r e f l e c t i o n  spectroscopy t akes  advantages of s i n g l e - c r y s t a l  
s i l i c o n  used i n  t h e  s o l a r  cel l .  The ce l l  becomes a p a r t  of a pr ism and 
r a d i a t i o n  e n t e r i n g  t h e  prism i s  r e f l e c t e d  i n t e r n a l l y  f o r  ang le s  of 
inc idence  g r e a t e r  than  the c r i t i c a l  ang le  (Figures  26 and 27) .  The beam 
a c t u a l l y  p e n e t r a t e s  s l i g h t l y  beyond t h e  r e f l e c t i n g  s u r f a c e  i n t o  the 
s u r f a c e  l a y e r  on t h e  c r y s t a l .  Materials on t h e  s u r f a c e  w i l l  s e l e c t i v e l y  
absorb r a d i a t i o n .  A p l o t  of t h e  a t t e n u a t e d  r a d i a t i o n  ve r sus  wavelength 
becomes an absorp t ion  spectrum c h a r a c t e r i s t i c  of t h e  material. 
S i lver - t i t an ium con tac t  co r ros ion  on s i l i c o n  can be  examined by evaporat-  
i ng  t h e  d e s i r e d  material on t h e  prism, condi t ion ing  t h e  specimen, and 
measuring adso rp t ion  as the  co r ros ion  proceeds.  Changes i n  t h e  con tac t  
composition can be determined i n  s i t u  wi th  t h e  use  of a l i q u i d  sample 
holder  (Figure 28). The depth of p e n e t r a t i o n  of t h e  beam i n t o  t h e  con- 
tact can be  c o n t r o l l e d  by t h e  wavelength of t h e  r a d i a t i o n  and t h e  ang le  
of inc idence  of t h e  r a d i a t i o n ,  
n u l l  measurements have been made p r i o r  t o  coa t ing  (Figure 29) .  
Specimens have been prepared and t h e  
I n t e r n a l  r e f l e c t i o n  spectograms w i l l  be made a f t e r  evapora t ing  s i l v e r ,  
t i t an ium,  and s i lve r - t i t an ium,  us ing  s e l e c t e d  processes  and condi t ion ing .  
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Figure 26: INTERNAL REFLECTION SPECIMEN 
Figure 27: MULTIPLE INTERNAL REFLECTION EFFECT 
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Body 
I 
C r y s t a l  Teflon "0" Ring 
Pressure  P l a t e  
h Retaining Screws ( 4 )  
Luer Adap te r  SJ 
Figure 28: LIQUID SAMPLE HOLDER 
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4.0 STEPS IN MANUFACTURE OF SILICON SOLAR CELLS 
Tabulated below are s t e p s  i n  t h e  manufacture of a s o l a r  ce l l .  
t a b l e ,  a composite of  d a t a  from s e v e r a l  sources ,  is  u s e f u l  f o r  corre- 
l a t i n g  t h e  d a t a  from mass spectroscopy and the t h e o r e t i c a l  model. 
example Step 3 6 ,  c leaning  i n  hydro f luo r i c  a c i d ,  becomes of s p e c i a l  
i n t e r e s t  because a n a l y s i s  shows t h a t  r e l a t i v e l y  large amounts of f l u o r i d e s  
are s t i l l  p resen t  on t h e  s o l a r - c e l l  su r f ace .  Also, Step 53, which 
fol lows evaporat ion of t h e  con tac t s ,  exposes the con tac t  t o  hydro f luo r i c  
ac id .  
f l u o r i d e s  are a v a i l a b l e  t o  t a k e  p a r t  i n  t h e  r e a c t i o n .  
This 
For 
C e r t a i n  p r o t e c t i v e  oxide coa t ings  are known t o  break down when 
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STEPS IN MANUFACTURE OF SILICON SOLAR CELLS 
1, 
2. 
3. 
4 .  
5. 
6. 
7. 
8. 
9, 
10, 
11. 
12. 
13. 
14. 
15. 
16. 
17 
18. 
19 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
Grow ingot. 
Clean i 
Mount ingot for sectioning. 
Section into disks. 
Demount sections. 
Production inspect sections. 
Lap sect ions. 
Mount sections for slabbing (barring). 
Cut slabs (bars). 
Demount slabs. 
Lap slabs. 
Mount slabs for slicing (wafering). 
Mount billet in diamond-saw wafering machine. 
Slice slab. 
Demount slices. 
Mount slices for polishing (alternate-etch slices). 
Polish slices with 20 micron alumina powder. 
Polish slices with 5 micron powder. 
Polish slices with 1 micron powder. 
Demount slices. 
Production inspect slices. 
Clean slices in trichloroethylene (alternate-acetone, isopropyl 
alcohol, sulfuric acid). 
Etch slices in acid solution (acetic, nitric, hydrofluoric) : 
a. 
b. Add nitric acid to start etch. 
c. Etch required time, e,g., 4 minutes. 
d. Quench etch with deionized water. 
fla ingot . 
Mix acetic and hydrofluoric acid and pour over slices. 
Clean slices in deionized water. 
Dry slices in alcohol. 
Dry slices in stream of nitrogen gas. 
Store in plastic containers. 
Diffuse in quartz tube or boat with P2 05 carried with 02. 
Anneal slices. 
S t o r e  in covered Pyrex container. 
Mask N layer with tape (alternate-cover with wax). 
Sandblast cells to expose p layer (alternate-chemically etch). 
Remove mask or wax. 
n cells in trichloroethylene. 
Clean in nitric-hydrofluoric-acetic acid solution. 
Clean in deionized water. 
with dessicant, e.g., CaSO4. 
contacts. 
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42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
Clean ti tanium f i lament  w i t h  S i c  paper. 
Clean s i lver  f i lament .  
Measure vacuum, must be less than 5 X Torr .  
Evaporate t i  tanium . 
Evaporate t i t an ium and si lver.  
Evaporate s i lver .  
Break vacuum wi th  dry n i t rogen .  
P l ace  cells i n  s i n t e r i n g  over.  
Admit forming gas (6% H2 -94% N2)  t o  oven. 
S i n t e r  cells a t  605°C i n  forming gas. 
Clamp cells between rubber wafers  (alternate-mask ce l l  f a c e s  wi th  
wax). 
Remove N l a y e r  from ce l l  edges wi th  HF a c i d .  
Clean cells  i n  deionized water. 
Evaporate s i l i c o n  monoxide on cel l  edges. 
F i r e  s i l i c o n  monoxide coat ing.  
Perform t ape  test on silver coat ing.  
Clean cell  a f t e r  tape test. 
Production cel ls  mechanically. 
Production cells  e l e c t r i c a l l y .  
S to re  cel ls  i n  polystyrene s l o t t e d  boxes. 
Package f o r  shipment. 
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5.0 CONCLUSIONS 
The con t r ac t ed  work on s o l a r - c e l l  c o n t a c t  degrada t ion  completed dur ing  
t h e  f i r s t  q u a r t e r  suppor ts  t h e  fo l lowing  conclusions:  
1) The degrada t ion  of s o l a r  cells  produced i n  t h e  l abora to ry  under 
con t ro l l ed  cond i t ions  suppor t s  the p o s t u l a t e  t h a t  t h e  mechanism 
of degrada t ion  is e lec t rochemica l  i n  na ture .  
2) R e s t  p o t e n t i a l  tests sugges t  t h a t  i n  degrading cells a second 
s p e c i e s  is  i n t e r a c t i n g  wi th  t h e  s i lver  t o  g ive  a mixed rest 
p o t e n t i a l  which is  nega t ive  w i t h  r e s p e c t  t o  t h e  rest p o t e n t i a l  f o r  
pure  si lver.  
Severa l  environmental  contaminants,  such as C1- ,  F , OH-, which 
have nega t ive  rest p o t e n t i a l s  ( aga ins t  SCE), produce degrada t ion  
t y p i c a l  of t h a t  found i n  c e l l s  s to red  i n  i n d u s t r i a l  environments, 
P o s i t i v e  rest p o t e n t i a l s  found w i t h  s o l a r  c e l l - e l e c t r o l y t e  com- 
b i n a t i o n s  such as su lpha te s  and n i t r a t e s  do n o t  produce t y p i c a l  
degradat ion.  
- 
3) 
4 )  Humidity tests show t h a t  t h e  presence of c h l o r i d e  ions  accelerates 
t h e  degrada t ion  process  by several o rde r s  of magnitude over  t h e  
ra te  i n  pure  water vapor.  
5) Pre l iminary  phys ica l  measurements i n d i c a t e  t h a t  b l i s t e r s  are 
loca ted  a t  g r a i n  boundaries.  Large q u a n t i t i e s  of H were de tec t ed  
i n  t h e  r e g i o n  of b l i s t e r s ,  suppor t ing  t h e  suppos i t i on  t h a t  H2 is 
re l eased  i n  a chemical r e a c t i o n .  
2 
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6.0 PROGRAM FOR NEXT QUARTER 
A review of t h e  accomplishments of t h e  f i r s t  q u a r t e r  of t h e  con t r ac t ed  
work ind ica t ed  t h a t  t h e  fo l lowing  second-quarter s t e p s  w i l l  c o n t r i b u t e  t o  
t h e  o b j e c t i v e  of understanding t h e  mechanism of s i l ve r - t i t an ium con tac t  
degradat ion:  
Continue p o t e n t i o s t a t i c  and r e s t - p o t e n t i a l  measurements. 
Relate t h e  con tac t  degrada t ion  t o  t h e  materials and processes  used 
i n  t h e  manufacture of s o l a r  cells. The mass spectroscopy r e s u l t s  
i n d i c a t e  several c o s a m i n a t i n g  ions  are p r e s e n t  i n  t h e  ce l l .  
Examples are F-, Cu 
What contaminants promote degrada t ion?  How do t h e  r e a c t i o n  ra tes  
compare f o r  t h e  v a r i o u s  contaminants? What are t h e  c r i t i ca l  con- 
c e n t r a t i o n s  necessary  f o r  act ive co r ros ion?  
, C1-. The ques t ions  t o  be  answered are: 
Study t h e  t r a n s p o r t  of water and H 2  through t h e  s i l v e r  l a y e r  u s ing  
i n t e r n a l  r e f l e c t i o n  spectroscopy,  and poss ib ly  r a d i o a c t i v e  tracers. 
Resolve t h e  ques t ion :  
cannot H2 b e  r e l eased  r e a d i l y ?  
I f  w a t e r  can g e t  through t h e  Ag l a y e r ,  why 
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